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filtration module and the reverse osmosis module were supplied by the Nitto Electric Industrial Co., Ltd. 
(Ultrafiltra-tion Module: NTU-3250-C1Rc [spiral wound type] and Reverse Osmosis Module: NTR-7199-92Ux 
[capillary type]). The modules were remodeled from commercial products into products vith a smaller 
processing capability in order to adjust them to the pumps used. Each filtration process has a different 
processing rate, except the activated charcoal which depends on the permeate rate from the reverse osmosis 
module, so the system is operated in a batch processing manner. 

Experimental studies using this experimental equipment vi11 be made in the near future. Data of a membrane 
of the same type as the membranes used are shovn in Fig. 1, vhere vater flux and salt rejection remained at 
constant high values throughout the 3000-h test /4/. 

ABSORPTION TYPE TllERHOPERVAPORATION 

The thermopervaporation process uses a hydrophobic membrane of porous polytetrafluoroethylene (PTFE) which 
vas chosen because it permeates vapor, not liquids. This membrane is under development in cooperation vith 
Nitto Electric Industrial Co.. Ltd. The permeate flux is proportional to the vapor pressure difference 
(AP) between the feed and the permeated vater, expressed by F = K - A P .  where K is the proportionality 
constant (permeate coefficient) representing the permeate rate. The electrical conductivity of the treated 
vater is belov 10 pS/cm. compared to 48 mS/cm of the feed, and the rejection is more than 99.99 %, 
irrespective of the vapor pressure difference A P . 
In the former type of thermopervaporation /I / ,  the problem arose from hov to collect the condensed vater 
from the cooled plate in micro gravity. It is easy to collect such 
vater on earth due to the existence of gravity. To resolve this 
problem the absorption type thermopervaporation is proposed for easy 
water-gathering, because the permeated vapor is absorbed into the 
product vater. In this system, the feed on the high temperature side 
of the membrane is vaporized, permeated through the membrane pores, and 
then absorbed into the cooled permeate vhich is circulating. 

Experimental Study 

Experimental data from absorption type is compared to the earlier type 
process and is shovn in Fig. 2, in vhich black circles shov the results 
of absorption type thermopervaporation corresponding to a diffusion gap 
of zero. 

The value of K is scattered in the range of 1 to 5 kg/m'day-torr. This 
can be explained by the fact that the bulk temperature difference (AT) 
differs from the temperature difference (AT ') contributing to the real 
vapor transfer through the membrane due to the temperature drop near 
the membrane, as shovn in Fig. 2. Moreover. the rate of vapor transfer 
in the membrane depends on its thickness and porosity. Thus, for the 
thicker the membranes or the smaller the voids, the more resistant the 
membrane becomes to the permeate flux. Thus K is affected by the 
material and structure of the membrane and the operating conditions. 
From these experimental results, at least 1 kg/m'day-torr uas verified. 
Hovever, in this method, the loss in the sensible heat transfer 
increases in comparison vith the former method. Therefore, further 
evaluation is needed to reduce this thermal loss. 

Theoretical Study 

The theoretical study vas made based on a model vith a heat exchanger 
(see Fig. 6). which is provided for enegy recovery in order to reduce 
power consumption. Calculations vere made concerning the necesary heat 
input (Q/Q.), the circulation rate (W) of the feed, the effective 
heat transfer area (Ahe). and the effective membrane area (Am) versus 
the temperature difference (AT) betveen the feed and cooled vater. the 
temperature difference (ATi) betveen the inlet and outlet of the feed, 
and the membrane thickness ( a ) ,  vhere Q. is the heat input in case of 
no heat loss, expressed as Q, = F' XAm = 0.251. (F'Am = 0.25 kg/h. 
F': permeate rate, 1: latent heat). b T i  is assumed to be the same 
as for the cooled vater, since the circulation rate of the feed is the 
same as that of the cooled water and the teeperarure difference in the 
heat transfer in the heat exchanger is fixed at 5 C. In this calcula- 
tion, the folloving parameters are predetermined. thermal conductivity 
of the membrane = 0.0631 kcal/mhhr:, permeate = 0.25 kg/h, feed vater = 
0.28 kg/h. concentrate = 0.03 kg/h. 

Figs. 3 to 5 shov the calculated results. As shovn in Fig. 3, AT is 
best when set to 5 C, specifically from tho vievpoint of minimum 
thermal loss. A temperature Tllin = 90 93 of the feed at inlet is 
desirable for efficiency. 
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Fig. 2. Experimental results of 
thermopervaporation 
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O t h e r  d a t a  i n  F igs .  4 and 5 are o b t a i n e d  us ing  t h e s e  values.  
In  Fig. 5, ATi is chosen as 65 C, being seen a s  s u i t a b l e  from 
t h e  r e s u l t s  i n  Fig. 4. As t h e  r e s u l t s  show, an  example of t h e  
optimum ope ra t ing  cond i t ions  of t h e  absorpt ion type  the rmper -  
v a p o r a t i o n  is demons t r a t ed  by Fig.  6. where a membrane th i ck  
n e s s  of 0.08 mm is s e l e c t e d  because  t h i s  t h i ckness  is e a s i l y  
ava i l ab le .  If 0.2 mm t h i ckness  is selected. t h e  hea t  i npu t  can 
be reduced by 40 % as  seen from t h e  d a t a  i n  Fig. 5. 
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Am: 0.19 m', 6 :  0.08 u, Q: 154 kcal/h,  Ahe: 0.15 m' 
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Fig. 4. Inf luence of ATi on Q,  
W and Am 
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Fig. 6. S u i t a b l e  cond i t ions  of theroopervaporat ion process  
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When t h i s  a p p r o a c h  i s  u s e d  i n  d i f f e r e n t  water r e c y c l i n g  
systems, t h e  optimum ope ra t ing  cond i t ions  have t o  be decided 
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on t h e  b a s i s  of reducing hea t  loss as t h e  primary concern. E 

I 0.01 
5 0.5 VAPOR COMPRESSION DISTILLATION (VCD) 
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VCD is a n o t h e r  c a n d i d a t e  as a d i s t i l l a t i o n  process for t h e  
water r e v i t a l i z a t i o n  i n  t h e  space s t a t i o n ,  s i n c e  it offers a 
low specific energy consumption. z .  I 0 . 1  5 ;  

E O  2 0.5 0.05 e 5 
Y " Z  < P r i n c i p l e s  and Fea tu res  of VCD 

F i g .  7 shows  a t y p i c a l  example of VCD used  for seawater 
- 

W = 
desa l ina t ion .  The feed water is w a r d  up prior t o  evapora- 0.1 0.01 
t i o n .  The vapor  g e n e r a t e d  i n  t h e  evapora to r  is compressed o 0 . 2  0 . 4  0 . 6  0.a 1 . 0  

by a blower,  which p l a y s  role of a heat pump t o  upgrade t h e  HMBRANE THICKNESS 6 CUI 
v a p o r ,  a n d  is t h e n  f e d  i n t o  t h e  t u b e s ,  becoming t h e  h e a t  
s o u r c e  for t h e  e v a p o r a t i o n .  Thus,  low specific ene rgy  Fig. 5. Inf luence of S on Q, W, 
c o n s u m p t i o n  is  o b t a i n e d  by t h e  e n e r g y  r e c o v e r y  i n  t h e  A h e  and Am. 
preheat ing and t h e  evaporat ion steps. 

I n  a p p l y i n g  VCD t o  space s t a t i o n s ,  a r t i f i c i a l  g r a v i t y  is needed for ga the r ing  l i qu ids .  Fig. 8 shows a 
concep t  of a VCD u n i t  t o  be operated i n  micro g rav i ty .  The i n s i d e  of t h e  cas ing  is kept  a t  a vacuum by a 
vacuum pump. The two drums, f i x e d  t o  each o the r ,  and t h e  blower are rotated by t h e  motor. The f eed  water 
forms a f i l m  on t h e  s u r f a c e  of t h e  i n n e r  drum due t o  c e n t r i f u g a l  force and evaporates.  The generated vapor 
i n  t h e  i n n e r  drum is compressed,  i n t roduced  i n t o  t h e  gap between t h e  two drums and then  condenses on t h e  
i n n e r  drum s u r f a c e ,  d i s c h a r g i n g  energy for evaporat ion of t h e  feed. The r e s i d u a l  b r i n e  and t h e  condensed 
d i s t i l l a t e  flows along t h e  t ape red  drum s u r f a c e s  and is co l l ec t ed  a t  t h e  troughs.  

CASING "**XI. n * r  

U I U I I M  

Fig. 7. VCD for seawater d e s a l i n a t i o n  

OUTER DRUM INNER DRUM 

Fig. 8. VCD concept for space use  
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Experimental Study 

An experimental model having a 450 mm diameter and 
a 620 m m  length was made to produce one liter of 
water per hour. a chart of which is shown in Fig. 9. 
The feed i7 preheated in the water bath and the 
measured anount is sucked by the distiller which is 
kept in vacuum conditions. The product water and 
the residual brine are extracted by the twin 
element pump. The temperature, the pressure and 
the flow rate are monitored at necessary points. 
A level alarm is installed in the inner drum to 
prevent carry over of the feed water to the blower. 
The distiller employs a single motor for both drum 
rotation and blower drive. Accordingly, the rota- 
tion speed of the motor relates to both the behav- 
ior of the brine film on the inside surface of the 
inner drum and the blower performance. 

LA: Level Alarm 

Indica tor VACUUH PUIP I I 

FI: Flow Indicator 
S: Solenoid Valve 

PRODUCT VATER DISCHARGE VATER 

Fig. 9. Flow chart of the experimental VCD model 

Fig. 10 shows experimental data of the distillate production rate versus 
the temperature difference between the blower inlet and outlet (-). 

test. 
increases, but the rate of increase is a little less than the increase 
rate of the temperature difference between the inlet and outlet of the z -  
blower. 
is superheated due to compression and the temperature difference ,? 
described in Fig. 9 is not the difference of saturation temperature. $ 
becomes large as the distillate production (vapor flow rate) increases, 
and the actual saturation temperature difference across the heat 
transfer surface becomes smaller than the superficial temperature 

Experimental results shown in Fig. 10. (o---*) in the case of desu- 
perheating. are obtained when desuperheating water is introduced into 
the suction of the blower. It shows that the relationship between the 
rate of increase in the distillate production becomes large due to the 

difference as the vapor flow rate increases. 

desuperheating effect. 

EVAPORATION TEXP. 
7.0- -: 29 c 

The temperature in the inner drum was kept at 29 f. 0.3 C during this E 0-Q: 27 c 
The distillate production rate increses as the rotation speed 5 

It is presumed that the temperature at the outlet of the blower giitl, 5-0 

4.0- 

3.0 

Another reason would be that the pressure drop through the vapor path g 9 ’ 

o-6 -  

$ 0.4 
j 
E 

The evaporation temperature can be controlled by adjusting the feed 
water temperature. Fig. 11  shows the distillate production and the 
temperature difference between the blower inlet and outlet versus the 
evaporation temperature. The distillate increases as the evaporation 
temperature increases. The reason for this phenomenon is that the heat 
transfer coefficient increases with increases in the evaporation temper- 
ature. Since the temperature difference decreases with elevation of the 
evaporation temperature, the rate of increase of the heat transfer coef- 
ficient is presumed to be of significance. Another reason may be due to 
a decrease of the pressure drop across the vapor path, in other words, 
increase in the effective temperature difference across the heat trans- 
fer surface due to the increase in the density of the vapor as the 
temperature increases. 

CONCLUSIONS 

DRUfl ROTATION SPEED (rpm) 
Fig. 10. Effect of drum rotation 
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Water revitalization for the apace station can be realized by a combina- 
tion of the filtration processes and a distillation process. Detailed 
systematic studies will be performed using ground-based equipment. t- 

There are tvo candidate distillation process; thermopervaporation and 
VCD. The absorption type thermopervaporation was studied through t; 
simulated calculations, so that an optimum condition were obtained. The 
VCD with centrifugation was experimentally confirwd to be a candidate 20 25 30 35 
for space use. EVAPORATION TEflPERATURE (“c) 

Fig. 11. Dependence of distil- 
late and temperature difference 
on evaporation temperature. 
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